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ABSTRACT: Baylis—Hillman adducts are highly useful synthetic
intermediates; to enhance their value further, we sought enantiocom-
plementary alkene reductases to introduce chirality. Two solutions
emerged: (1) awild-type protein from Pichia stipitis (OYE 2.6), whose
performance significantly outstrips that of the standard enzyme
(Saccharomyces pastorianus OYE1), and (2) a series of OYE1 mutants
at position 116 (Trp in the wild-type enzyme). To understand how
mutations could lead to inverted enantioselectivity, we solved the
X-ray crystal structure of the Trp116Ile OYE1 variant complexed with

a cyclopentenone substrate. This revealed key protein—ligand interactions that control the orientation of substrate binding above the

FMN cofactor.
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enantiocomplementary

B INTRODUCTION

The use of alkene reductases for stereoselective C=C bond
reduction has become increasingly common.' ~** Although early
library building and profiling efforts focused primarily on simple
model compounds, recent attention has turned toward targets
with more complex structures and correspondingly greater
synthetic utility. In this regard, Baylis—Hillman adducts are
particularly attractive substrates since their reductions provide
chiral -hydroxy ketones and esters from readily available start-
ing materials."* We therefore turned to our library of cloned
alkene reductases for solutions. When these proved insuflicient,
except for Pichia stipitis OYE 2.6, we explored a more general
strategy combining protein engineering and X-ray crystallogra-
phy whose first fruits are reported here.

B RESULTS AND DISCUSSION

We chose three representative Baylis—Hillman adducts whose
reduction products are useful chiral synthons (Table 1). Reduc-
tion of methyl 2-(hydroxymethyl)acrylate 1 yields Roche’s ester,
which has been used to prepare a variety of commercially valuable
natural products (recently summarized in ref 14). Chiral hydro-
xymethylcycloketones derived from 2-(hydroxymethyl)-2-cyclo-
hexenone 2 and 2-(hydroxymethyl)-2-cyclopentenone 3 can be
used directly for synthesis or oxidized to the corresponding
lactones (see refs 15, 16 and references therein). After synthesis
by literature methods,"”~'* each alkene was tested as a substrate
for our collection of purified alkene reductases™” in the presence of
an NADPH regeneration system (glucose/glucose dehydrogenase).
Saccharomyces pastorianus OYEL, the prototypical flavoprotein
alkene reductase, showed very high R stereoselectivity toward 1
but poor conversion efficiency (Table 1). The same enzyme was
unable to reduce cyclohexenone 2. This was unexpected since
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S. pastorianus OYEL converted the nearly isosteric 2-ethylcyclo-
hexenone to the corresponding S product with 94% ee.' Finally,
although S. pastorianus OYE1 partially reduced cyclopentenone 3
(51% conversion), the corresponding R product was isolated with
only 60% ee. Similar or worse results were observed for nearly all
of the wild-type enzymes in our cloned alkene reductase collection
(see Supporting Information).

The only positive exception was provided by wild-type Pichia
stipitis OYE 2.6, which completely reduced 1, 2, and 3 with good
to excellent stereoselectivities (Table 1). We originally cloned
and overexpressed this enzyme because it contained Ile at the
position corresponding to Trp 116 of S. pastorianus OYE1.*
Despite sharing 42.7% sequence identity with S. pastorianus
OYE]L, P. stipitis OYE 2.6 has consistently demonstrated superior
properties, including complementary stereoselectivity in some
cases.

Although OYE 2.6 largely solved the problem of S-selective
reductions of 1—3, we also explored the possibility that S.
pastorianus OYE]1 variants might provide complementary per-
formance. Our earlier studies showed that amino acid replace-
ments at position 116 led to significantly altered stereo-
selectivities;”' we therefore created and screened a systematic
library of Trp 116 replacements for reductions of alkenes 1, 2,
and 3 (Table 1). For the Roche’s ester precursor 1, we identified
two OYEI variants (W116H and W116Q) that afforded the S
enantiomer with high stereoselectivity, nicely complementing the
R-selective wild-type enzyme (>98% ee). Three other amino acids
(Phe, Tyr, and Val) significantly increased the extent of conversion,
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Table 1. Reductions of Baylis—Hillman Adducts by Alkene Reductases

Substrate
0 0 o]
Protein CHso)H(\OH @AOH é/\oH
1 2 3
% conv % ee’ % conv % ee” % conv %ee’
S. pastorianus OYE1
mutants (116 residue)

Trp (wt) 19 >98 (R) <5 N.D. 51 60 (R)
Ala 9 90 (R) 84 >98 (S) >98 72 (S)
Val 52 86 (R) 84 >98 (S) 97 92 (S)
Tyr 68 76 (R) >98 >98 (S) >98 87 (S)
Phe 37 70 (R) >98 >98 (S) 98 >98 (S)
Ser 13 46 (R) 84 >98 (S) 87 >98 (S)
lle 50 9(R) >98 >98 (S) >98 91 (S)

Arg <5 N.D <5 N.D. <5 N.D.

Pro <5 N.D 14 >98 (S) 16 77 (S)
Thr <5 N.D 28 >98 (S) 44 >98 (S)

Cys <5 N.D 31 >08 (S) 47 77 (S)

Lys <5 N.D 60 >98 (S) 75 76 (S)

Glu <5 N.D 93 90 (S) 96 88 (S)

Asp <5 N.D. >98 91 (S) 95 77 (S)

Gly 14 16 (S) 98 >98 (S) >98 86 (S)

Leu >98 20 (S) >98 >98 (S) >98 57 (S)

Asn >98 41 (S) >98 >98 (S) >98 89 (S)

Met 15 64 (S) >98 >98 (S) >98 86 (S)

His 67 97 (S) >98 >98 (S) >98 77 (S)

Gin 78 >98 (S) >98 >98 (S) >98 89 (S)

P. stipitis OYE 2.6 >98 >98 (S) >98 >99 (S) >98 76 (S)

“ Absolute configurations were assigned by retention time comparison to an authentic sample of the R reduction product (Sigma). ® Absolute
configurations were assigned by retention time comparisons to an authentic sample of S reduction product prepared according to ref 15. “ Absolute
configurations were assigned by retention time comparisons to an authentic sample of S reduction product.

although the R selectivity was somewhat diminished. This suggests
that further protein engineering efforts may solve both the conver-
sion and stereoselectivity issues simultaneously. Although cyclo-
hexenone 2 is not a substrate for wild-type OYE1, we identified
variants that yielded the S product in >98% ee and with complete
conversion and two others with only slightly poorer properties
(Table 1). For cyclopentenone 3 (a relatively poor substrate for
wild-type S. pastorianus OYE1), many Trp 116 substitutions
favored the S product, and one (Phe) afforded both complete
conversion and >98% ee (Table 1). Interestingly, this performance
was even better than the wild-type P. stipitis OYE 2.6.

OYEI catalyzes hydride transfer from reduced flavin mono-
nucleotide (FMN) to the electron-deficient [5-carbon of the
substrate along with proton transfer from an opposing general
acid (likely the side chain of Tyr 196>*) to yield net trans addition
of H,.** Thus, the stereochemical outcome depends upon which
face of the alkene sz-system faces the FMN, suggesting that
substrate 3 binds in opposite orientations to the wild-type OYE1

and the W116I mutant. We tested this hypothesis by crystallizing
the W116I mutant of OYE], then soaking the crystals in storage
buffer containing 10 mM enone 3. The soaked crystals diffracted
to 1.7—1.4 A, and the structure was solved by molecular re-
placement using the wild-type OYEI structure as a search model.”®
The electron density maps at 1.4 A resolution were very clear,
which allowed for efficient model building (Figure 1). As antici-
pated, the overall structure of the W116I mutant was nearly
identical to that of wild type enzyme. Inspecting the difference
electron density map (mF, — DF,) allowed regions of poor fit to
be rebuilt, and this process was continued iteratively until error
statistics converged (Ree = 0.17, Ry = 0.15). A region of
electron density located above the isoalloxazine ring of the FMN
corresponded to the bound substrate. The final model coordinates
have been deposited into the PDB under code 3RND.

Substrate 3 bound with high occupancy (~80%), and we
systematically explored potential fits of its structure within the
observed electron density. An attempt to use a single binding
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Figure 1. Electron density map in the active site region. 2mF, — DF, electron density is displayed at the 0.5 0 contour level along with the final model
for the protein. Atoms are displayed in CPK standard colors except for FMN (carbons colored yellow) and side chains of His191 and Tyr 196 (carbons
colored light blue or green). Two different side-chain orientations were observed for these residues within the crystal, likely because of two different
substrate binding orientations. The area of electron density between the FMN and Tyr 196 corresponds to bound enone 3.

Figure 2. Location of cyclopentenone 3 within the observed electron density (0.40 contour level). A. Attempted fit by a single ligand orientation. Red
and green arrows indicate regions of negative and positive electron density peaks, respectively, in the difference map (not shown). B. Successful fit by two
ligand populations. Carbons in binding mode 1 are shown in green, and those in binding mode 2 are light blue. Note that the lack of electron density for
the OH is likely due to facile C—O bond rotation. Figures were rendered with PyMOL.*"

orientation for enone 3 yielded a region of surplus electron
density on one side of the calculated map and a deficit of electron
density on the other when compared with the observed map
(Figure 2). We therefore modeled enone 3 as a 1:1 mixture of
two different binding orientations. The difference map for this
arrangement showed no significant features at the 30 contour
level, indicating that a mixture of ligand binding modes ade-
quately accounted for all of the electron density data. Binding
mode 1 positions the re face of the substrate for hydride transfer
from FMNH,; in binding mode 2, the opposite (si) face of the
substrate is poised to accept a hydride. Diffraction data from
three different soaked crystals were examined, and a mixture of
binding orientations was observed in all three cases.

In both substrate binding orientations, the carbonyl oxygen
lies between the side chains of Asn 194 and His 191 with
distances of ~3 A and the cyclopentene moiety of the ligand is
oriented parallel to the isoalloxazine ring of FMN. The carbonyl
oxygen location is consistent with hydrogen bonding interactions
with residues known to participate in catalysis (Figure 3).>°
Similar hydrogen bonding has been observed between wild-type
OYE1 and the hydroxyl moiety of the inhibitor p-hydroxy-
benzaldehyde.>® The orientation of the hydroxymethyl side chain
is the key difference between the two substrate binding modes.

Binding mode 1 places this moiety on the side opposite Ile 116.
The hydroxyl oxygen appears to rotate freely and lies near a water
molecule and the side chain of Asn 194. The other substrate
binding mode places the hydroxymethyl group near the side
chains of Ile 116 and Thr 37. One likely position for the hydroxyl
moiety coincides with a region of electron density centered 2.87
A from the side chain of Thr 37. Such a location would be
consistent with a hydrogen bond; however, this would also place
the substrate hydroxyl less than 2 A from the phenolic oxygen of
Tyr 196, where it would experience steric clash. The electron
density map indicates a second orientation for the Tyr 196 side
chain (Figure 1), and we believe that these correspond to the two
substrate binding modes (Figure 3). Movement of Tyr 196 away
from the substrate side chain would, in turn, cause steric clash
with His 191, which is also found in two orientations according to
the electron density map.

Several factors argue that binding mode 1 (which would lead
to the minor R product) does not represent a favorable Michaelis
complex for catalysis. The angle formed by FMN N;,—Nj-
substrate f-carbon is 78°. In his survey of flavoprotein crystal
structures, Fraaije observed angles between 96° and 117° for
productive binding modes leading to hydride transfer.”’ In addi-
tion, the likely position of Tyr 196 places its phenolic oxygen 4.45 A
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Figure 3. Enzyme—substrate complex for cyclopentenone 3 and
W116I OYEL. Protein atoms are displayed in CPK standard colors
except for FMN (carbons colored yellow) and the side chains of His 191
and Tyr 196 (carbons colored light blue or green). Only the catalytically

favorable complex for enone 3 is shown (binding mode 2).

from the substrate Qt-carbon, too far for efficient proton transfer.
Finally, placing the substrate’s hydroxymethyl group opposite the
side chain of Ile 116 makes it difficult to understand why replacing
Trp 116 with Ile should be important in altering the enzyme’s
stereochemical preference.

By contrast, the substrate orientation in binding mode 2
(which would lead to the major S product) appears to be a
productive complex and provides a clear rationale for the effect of
replacing Trp 116 with Ile. The angle formed by FMN N, o—Nj-
substrate 3-carbon is 98° and the FMN Nj-substrate 3-carbon
distance is 3.54 A; both values are within the “normal” ranges for
hydride transfer. The distance from the phenolic oxygen in the
allowed conformation of Tyr196 to the substrate C, is 2.98 A.
Finally, the close proximity of the substrate hydroxymethyl group
to the side chain of the residue at position 116 suggests that
relieving steric congestion by replacing a bulky indole with an
isobutyl group would allow the enone to enter the active site in
binding mode 2. Net trans addition of H, would afford the S
product, as observed.

B CONCLUSIONS

Taken together, these results demonstrate two potential
solutions to the “other enantiomer” problem for alkene reduc-
tases. Whereas most wild-type enzymes had properties inferior to
those of S. pastorianus OYEL, P. stipitis OYE 2.6 was an important
exception. We are continuing to explore the properties of this
highly interesting biocatalyst that often complement those of
OYE1.>* One key difference between OYE 2.6 and OYE1 lies in a
loop”® that closely approaches the substrate binding site in the
latter. In OYE 2.6, this region lacks two amino acids, which may
lead to a more open and accommodating active site. This effect
can be seen in the crystal structures of Bacillus subtilis YgjM>® and
Enterobacter cloacae PETN reductase.*

In cases that neither wild-type OYE1 nor OYE 2.6 provide an
acceptable catalyst for a desired reaction, site saturation muta-
genesis of Trp 116 is a simple strategy that can yield significant
improvements. If these first-generation improvements prove
insufficient, they can be used as the starting point for a larger

program of protein engineering.'" Directly observing the altera-
tions in enzyme—substrate interactions by X-ray crystallography
provides extremely valuable guidance in understanding the
effects of mutations and also in suggesting avenues for further
improvement. Here, we uncovered evidence for multiple sub-
strate binding modes, only one of which favored catalysis. It is
possible that further changes will eliminate the formation of the
unproductive complex, which should maximize catalytic rates.

B ASSOCIATED CONTENT

© Supporting Information. Experimental procedures for
creating, isolating, and screening the collection of Trp 116 replace-
ments for S. pastorianus OYE; details for substrate synthesis; details
for X-ray structure determination. This material is available free of
charge via the Internet at http://pubs.acs.org.
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